This paper analyses the greenhouse gas (GHG) emission along the value chains of two strategic commodities in West Africa (rice and maize) in four pilot countries: Ghana, Senegal Benin and Cote D'Ivoire. The Value Chains Analysis and Greenhouse model used in this study, provides insight into the relationship between output maximization and GHG emissions to help define optimal intervention approaches that minimize emissions while maximizing the potential yield, hence boost food security. It highlights intervention measures for improvement of production and productivity along with the identification of mitigation measures to reduce GHG emissions. It also revealed that the largest GHG emission factor from maize farming in the selected countries is from the application of nitrogen fertilizers (NO2), and for rice farming, depending on the systems, e.g. rain fed, irrigated or multiple aeration, the emission is mostly due to anaerobic decomposition of methane (CH4) which increases with flooding practice.
Background
Agriculture is the primary sector of almost any African economy. About 65% of the total labor force is employed in the agriculture sector, which contributes about 32% of the continent's gross domestic product (GDP).
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The sector has remained the backbone of Africa's economic development for centuries without having taken on a real structural transformation. This lack of transformation perpetuates the characterization of Africa as a cheap and secure source of primary commodities required to feed the growing needs and changing demands of the traditionally established and newly emerging industrial super-economies. In line with both Abuja High Level Conference on Agribusiness and Agro industries and the Malabo Declarations, which respectively 1) urged the African Union AU member states not only to establish the requisite legal, regulatory and institutional frameworks to support agribusiness and agro-industry development, but also to put in place programs to accelerate the development of the value of strategic food commodities; and 2) committed to halving poverty by the year 2025 through inclusive agricultural growth and transformation. As such the heads of state committed to ensure that the agricultural growth, to sustain annual agricultural GDP growth of at least 6%, to establish and/or strengthen inclusive public private partnerships for at least five priority agricultural commodity value chains with strong linkage to smallholder agriculture. It is with this background and within the Comprehensive Africa Agriculture Development Programme (CAADP) new framework that the United Nations Economic Commission for Africa (UNECA), in collaboration with the African Union Commission (AUC), the Food and Agriculture Organization (FAO), and Economic Community of West African States (ECOWAS), has launched an initiative for the development of strategic commodities regional value chains in Africa. As no agricultural development initiative should look away from climate change issues, UNECA decided to analyse the Greenhouse Gas emission along the value chains, which is a factor most often overlooked. The Value Chain Analysis-Greenhouse Gas (VCA-GHG) model implemented for this study provides insight into the relationship between output maximization and greenhouse gas (GHG) emissions to help define optimal intervention approaches that minimize GHG emissions while maximizing the potential economic yield.
Purpose of the Study
The study will assist the governments of four ECOWAS countries with using the climate change aspects of a value chain assessment to inform possible interventions. Specifically, an assessment of GHG using a value chain analysis (VCA) approach will examine the feasibility of integrating a low-carbon path and adaptation strategies into plans for agriculture sector growth.
Objectives of the Study
The primary objective of the value chain-based GHG emission analysis is to introduce a comprehensive analysis tool not only to identify constraints to increasing production along a product value chain, but at the same time to measure GHG emissions along that same value chain to determine the most appropriate intervention that maximizes output while minimizing GHG emissions. This analysis is expected to provide insights into the relationship between output maximization and GHG emissions to help define optimal intervention approaches that minimize GHG emissions while maximizing the potential yield rate for selected strategic agro-commodity products. The specific objectives of the study are to 1) assess the current situation of rice and maize production and the corresponding levels of GHG emissions; and 2) define potential solutions to greenhouse gas emission.
Expected Outcome
The paper is intended to raise the awareness of policy makers on the urgency to take greenhouse gas emissions into account while trying to maximize yield of agricultural production. In this context, reduction of GHG emission is seen as a pathway to positively factor climate change into food crop production while mitigating emissions throughout the value chains of the selected commodities and thereby ensure the sustainability and reduced vulnerability of the agricultural sector.
Study Scope and Components
The major on-farm activities (value chain stages and related GHG emissions) considered in analyzing rice and maize farming in this study are: Nursery; land preparation; sowing/transplanting; cultivation; harvesting; threshing; and drying. Based on the nature of farm activities, the scope of GHG emissions analyzed encompasses CO 2 , CH 4 and N 2 O; other types of greenhouse gases, such as halogenated gases, are not emitted from farming processes. Furthermore, though black carbon was recently recognized as a contributor to global warm-ing, the VCA-based GHG emission tool does not consider it for analysis due to lack of country-specific and Intergovernmental Panel on Climate Change (IPCC) default emission factors that deal with black carbon created through residue burning on rice farms. This study does not consider issues related to: production/manufacturing of input materials (fertilizers, seed varieties, pesticides, etc.); the GHG impact of spraying (e.g., pesticide, herbicide, fungicide, growth enhancer) is limited to the diesel and/or benzene used to power a mechanical sprayer and the transport of such products, if applicable. Though the effects of such sprayed products may or may not be otherwise deleterious to general environmental health, the sprayed products themselves do not emit GHG 1 . It is important to note that the observations made and the conclusions drawn in this paper are based on interviews with selected farmers in key rice and maize producing areas in the countries. In this context, the various farming methods practiced in these areas are taken into consideration in the analysis to help develop a profile of representative farming practices and associated value chains and corresponding GHG emissions. It also is important to note that the study of the representative farms in each region takes a "whole farm" approach, and as such, identifies all sources of value, cost and GHG emissions that occur within the farm-gate related to the production of rice or maize.
Methodology: Value Chain Based-GHG Emissions Reduction Approach
The methodology utilized here is from Global Development Solutions, LLC (GDS) proprietary integrated value chain analysis (IVCA) methodology to identify constraints along the value chains of rice and maize to help define optimal intervention points and activities to increase production. At the same time, GDS transposed onto the IVCA an additional tool to measure GHG emissions along the same value chain. This provides insights into the relationship between output maximization and GHG emissions to help define optimal intervention approaches that minimize GHG emissions while maximizing the potential yield rate for rice and maize.
Executive Summary
In Ghana, GHG emissions are found to be 1.7 t CO 2 e/ha or 1.11 t CO 2 e/ton paddy for rain-fed rice farms, whereas they are 4.79 t CO 2 e/ha or 2.84 t CO 2 e/ton paddy for continuously flooded farms, 4.04 t CO 2 e/ha or 1.25 t CO 2 e/ton paddy for single aerated and 3.89 t CO 2 e/ha or 1.15 t CO 2 e/ton paddy for multiple aerated rice farms. Continuously flooded farms have higher GHG emissions due to methane generation arising from anaerobic decomposition and higher rates of fertilizer application compared to rain-fed rice farms. In Senegal: GHG emissions are 1.85 t CO 2 e/ha or 0.6 t CO 2 e/ton paddy for rain-fed rice farms. Emissions from irrigated (multiple aerated) farms are 4.02 t CO 2 e/ha or 0.84 t CO 2 e/ton paddy. Irrigated farms have higher GHG emissions due to methane generation arising from anaerobic decomposition and the higher rate of fertilizer application compared to the rain-fed rice farms. In Cote D'Ivoire, The main source of GHG emissions is fertilizer application which contributes 87.5% of the total emissions in maize farming (0.64 t CO 2 e/ha/season). Out of this, application of nitrogen fertilizers contributes 89.3% due to the release of N 2 O. In Benin, the main source of GHG emissions is fertilizer application which contributes 87% of the total emissions in maize farming (0.4 t CO 2 e/ha/season). Out of this, application of nitrogen fertilizers contributes 90% due to the release of N 2 O. The total of all emissions from maize farming is 0.46 tons of CO 2 equivalent per hectare (t CO 2 e/ha).
Country Case Studies

Case of Ghana: Rice
Value Chain of Analysis: (VCA)
Ghana's per capita rice consumption rate is 38 kg per annum for its 22 million population. The national rice production covers about 36% of the nation's consumption (more than 975,000 tons of milled rice [1] and the country imports the balance to meet the total national demand. Since 2009, when milled rice production was only 235,000 tons [1] the annual rate of increase in rice consumption (15%) is moving at par with the annual increase in rate of production (15%). Countering the shortfall between production and consumption, the rate of milled rice import has been increasing at a rate of about 14% during the period 2009 to 2013.
In rain-fed farming in Ghana, the VCA study revealed that the leading cost contributors to rain-fed rice farming are cultivation (34.2% of the total cost), planting (29.1%) and harvesting (21.1%). In Irrigated Rice Farming (Continuous flooding), the VCA study revealed that the leading cost contributors are cultivation (33.1% of cost), harvesting (23.1%) and administration and overheads (18.8%). In irrigated Rice Farming (Single aeration), the VCA revealed that the leading cost contributors are cultivation (59.5% of cost), harvesting (16.3%), and land preparation (10.1%). In irrigated Rice Farming (Multiple aeration), the VCA study revealed that the leading cost contributors are cultivation (66.7% of cost), land preparation (13.3%) and harvesting (10.6%).
GHG Emission Analysis and Discussion
The analysis of VCA-GHG for rice farming conducted for Ghana indicates that the average yield is 2.3 t paddy/ ha/season for rain-fed, 1.82 t paddy/ha/season for continuously flooded, 3.42 t paddy/ha/season for single aerated and 3.95 t paddy/ha/season for multiple aerated rice farms. The cost of production is GHC 1063 (USD 367)/ha for rain-fed, GHC 2 1550 (USD 536)/ha for continuously flooded, GHC 1894 (USD 655)/ha for single aerated and GHC 1689 (USD 584)/ha for multiple aerated rice farms. The production costs per unit area and unit product for continuously flooded farms are higher due to lower productivity compared to the rain-fed, single aerated and multiple aerated farms.
In Table 1 , GHG emissions are 1.7 t CO 2 e/ha or 1.11 t CO 2 e/ton paddy for rain-fed rice farms, whereas they are 4.79 t CO 2 e/ha or 2.84 t CO 2 e/ton paddy for continuously flooded farms, 4.04 t CO 2 e/ha or 1.25 t CO 2 e/ton paddy for single aerated and 3.89 t CO 2 e/ha or 1.15 t CO 2 e/ton paddy for multiple aerated rice farms. Continuously flooded farms have higher GHG emissions due to methane generation arising from anaerobic decomposition and higher rates of fertilizer application compared to rain-fed rice farms. Yet, continuously flooded farms post lower paddy yields than rain-fed farms, thus creating the bad combination of higher GHG emissions and lower yields. Both single and multiple aerated farms have lower methane emissions due to aeration even though they apply higher rates of fertilizer compared to the continuously flooded rice farms. They also both yield more abundantly than continuously flooded and rain-fed systems and thus exhibit the preferred combination of lower GHG emissions and higher yields.
Farmers apply NPK (15-15-15, 23-10-0, or 23-10-5) and urea (46% N) at an average rate of 394.14 kg/ha and 227.96 kg/ha, respectively, whereas the recommended application rates for Ghana are 373 kg/ha for NPK (specifically, NPK (15-15-15) and 170 kg/ha for urea, which means 134 kg N/ha, 56 kg P 2 O 5 /ha and 56 kg K 2 O/ha for land under continuous use and hybrid seed application [2] . This shows that farmers using urea and NPK are applying more than the recommended rates (163 kg N/ha, 59 kg P 2 O 5 /ha and 59 kg K 2 O/ha). The relatively higher average yield these farms achieved (2694 kg/ha), however, cannot be justified compared to a potential yield of 4.5 ton/ha achieved by some interviewed farmers.
In Table 2 , anaerobic decomposition gives the high emission rate in all 4 rice farming system observed above with fertilizing coming second and residue burning and fuel consumption being third and last.
The next major contributor to GHG emissions is the application of fertilizer; 0.72 t CO 2 e/ha/season for continuously flooded and 0.33 t CO 2 e/ha/season for rain-fed rice fields in Ghana. Likewise, the GHG emissions from single and multiple aerated fields arising from fertilizer application are 0.81 t CO 2 e/ha/season for each. Though not very significant, GHG emissions that arise from residue burning and fuel combustion contribute 0.13 t CO 2 e/ha/season and 0.79 t CO 2 e/ha/season for rain-fed and continuous flooded fields, respectively. In a similar manner, emissions from residue burning and fuel combustion are 0.91 t CO 2 e/ha/season and 0.87 t CO 2 e/ha/season for single and multiple aerated rice fields. The overall GHG emissions from rice farms in Ghana are 1.7 t CO 2 e/ha/season for rain-fed farms and 4.79 t CO 2 e/ha/season for continuously flooded farms, 4.04 t CO 2 e/ha/season for single and 3.89 t CO 2 e/ha/season for multiple aerated fields ( Table 2) . Generally, even though the GHG emissions per hectare estimated for Ghana are equivalent to emission rates in other countries, the emissions per unit of product are higher due to the low yield rate. For example, for continuously flooded rice farms the emission per unit of product is 2.84 t CO 2 e/t paddy in Ghana while it is 1.08 t CO 2 e/t paddy in Vietnam.
Case of Senegal: Rice
Value Chain of Analysis: (VCA)
Rice farming in Senegal can generally be categorized into rain-fed and irrigated rice farms. All irrigated farms participating in this study reported applied multiple aeration water management regimes during cultivation of rice. The value chain analysis and the greenhouse gas emissions will, therefore, be analyzed according to these two most prevalent water management systems. Reduction of post-harvest losses is a big challenge to be tackled in Senegal where post-harvest losses at all stages of the post-harvest activities amounts to 35% [3] . Rain-fed rice: The VCA study revealed that the leading cost contributors to rain-fed rice farming in Senegal are harvesting and land preparation, each contributing 27% to the total cost of production. Cultivation is the third major cost contributor with 22% but with planting contributing nearly the same to overall costs (21%). Irrigated rice: The VCA study revealed that the leading cost contributors are cultivation (39% of cost), harvesting (32%) and land preparation (12%). Fertilizing contributes 54% to the cost of cultivation, of which 57% is attributable to the cost of urea and 42% for NPK, with the remaining 1% for labor.
GHG Emission Analysis and Discussion
According to the VCA-GHG study, the methane emissions from multiple aerated rice fields are about 1.81 t CO 2 e/ha/season, and approximately 1.03 t CO 2 e/ha/season for rain-fed rice fields. The emission results for multiple aerated fields are comparable to rice fields under similar conditions in other rice producing countries such as Vietnam, specifically with rice fields that do not apply manure during land preparation and use multiple aeration (2.37 t CO 2 e/ha/season).
The next major contributor to GHG emissions is the application of fertilizer at 1.75 t CO 2 e/ha/season for multiple aerated fields and 0.49 t CO 2 e/ha/season for rain-fed rice fields in Senegal. Based on the sample survey, there is no emission from residue burning as it is not practiced in Senegal. GHG emissions that arise from fuel combustion contribute 0.42 t CO 2 e/ha/season and 0.45 t CO 2 e/ha/season for rain-fed and irrigated fields, respectively, due to the fact that tractors are used for tilling in both systems. The overall GHG emissions from rice farms in Senegal are about 1.94 t CO 2 e/ha/season for rain-fed farms and 4.02 t CO 2 e/ha/season for multiple aerated farms. Demand for rice is increasing at the rate of 2% every year.
In Table 3 , according to the VCA-GHG study, the methane emissions from multiple aerated rice fields are about 1.81 t CO 2 e/ha/season, and approximately 1.03 t CO 2 e/ha/season for rain-fed rice fields in Senegal. The emission results for multiple aerated fields are comparable to rice fields under similar conditions in other rice producing Table3. GHG emissions along the VCA of rice production in Senegal. countries such as Vietnam, specifically with rice fields that do not apply manure during land preparation and use multiple aeration (2.37 t CO 2 e/ha/season). The next major contributor to GHG emissions is the application of fertilizer at 1.75 t CO 2 e/ha/season for multiple aerated fields and 0.49 t CO 2 e/ha/season for rain-fed rice fields in Senegal. Based on the sample survey, there is no emission from residue burning as it is not practiced in Senegal. GHG emissions that arise from fuel combustion contribute 0.42 t CO 2 e/ha/season and 0.45 t CO 2 e/ha/season for rain-fed and irrigated fields, respectively, due to the fact that tractors are used for tilling in both systems. The overall GHG emissions from rice farms in Senegal are about 1.94 t CO 2 e/ha/season for rain-fed farms and 4.02 t CO 2 e/ha/season for multiple aerated farms (Table 3) . Generally, even though the GHG emissions per hectare estimated for Senegal are equivalent to emission rates in other countries, the emissions per unit of production are higher due to the lower yield rate. For example, for multiple aerated rice farms the emission per ton produced is 0.84 t CO 2 e/ton paddy in Senegal while it is 0.5 t CO 2 e/ton paddy in Vietnam.
Emission sources
Rain
In Table 4 , GHG emissions are 1.85 t CO 2 e/ha or 0.6 t CO 2 e/ton paddy for rain-fed rice farms. Emissions from irrigated (multiple aerated) farms are 4.02 t CO 2 e/ha or 0.84 t CO 2 e/ton paddy. Irrigated farms have higher GHG emissions due to methane generation arising from anaerobic decomposition and the higher rate of fertilizer application compared to the rain-fed rice farms.
Case of Cote D'Ivoire: Maize
In Table 5 , based on the analysis, the total cost of production per hectare of maize is XOF 3 149, 269 (US$ 305)/ton. Out of this cost, fertilizer accounts for 40% followed by human labor cost (22.5%) and the cost of agricultural Table 4 . Summary of findings for rain-fed and irrigated rice farms in Senegal. The second biggest cost in maize farming is related to hired human labour which amounts to XOF 33,608 (US$ 68.6)/ha. The total average level of effort per farm is equivalent to 16 man-days/ha/season for all maize farming activities along the value chain in Côte d'Ivoire. Representing one-third of all hired labor activities, labor for land preparation requires the highest level of effort. Planting, the second highest labor burden with a 14.4% overall contribution, requires less than half the effort of land preparation. Planting is followed closely by threshing (13.1%), weeding (12.4%) and harvesting (12.3%).
Farm production Rain fed (US$/unit) Irrigated (multiple aeration) (US$/unit)
In Table 6 , the main source of GHG emissions is fertilizer application which contributes 87.5% of the total emissions in maize farming (0.64 t CO 2 e/ha/season). Out of this, application of nitrogen fertilizers contributes 89.3% due to the release of N 2 O.
In Table 7 bellow, the GHG emission rate in Côte d'Ivoire would have been higher if the nationally recommended fertilizer application were practiced. The GHG emissions from fertilizer application would have increased by 62.5% from 0.56 t CO 2 e/ha/season to 0.91 t CO 2 e/ha/season as shown in Table 7 .
As can be observed from the above tables, the largest GHG emission from maize farming is N 2 O from the application of nitrogen fertilizers. Though insignificant, emissions from burning fuel to operate farm machinery and equipment as well as residue burning contribute 7.8% and 4.7% respectively. This low level of emissions from fuel burning reflects the limited use of mechanization in Côte d'Ivoire. In the United States where maize farms are more highly mechanized, by contrast, GHG emissions from fuel combustion represent 15.4% of total maize farming emissions [4] .
During the field visit, no interviewed farmers applied lime to their field. Literature indicates that soils in the humid zone of Côte d'Ivoire are highly acidic (up to 4.9 pH) which even allowed direct application of phosphate rock with some positive responses [5] Continuous application of urea decreases the pH of the soil and thereby exacerbates acidity of the soil. Neutral soil pH is more favorable for rice production. The most important nutrients are available for plant growth in soils with a pH of 5 to 9 in general, and in the pH range of 6.5 -7 typical of many submerged soils in which rice grows [6] . It is, therefore, suggested that soil profiling is required to ensure a balanced pH to help optimize fertilizer application.
Moreover, rice farmers do not apply manure to improve the fertility of the soil. However, 15.4% of the interviewed farms incorporate rice residue into the soil during land preparation which contributes to increasing the organic content of the soil. Unfortunately, 53.8% of farmers remove the residue and 30.8% burn it elsewhere. 
Summary of Findings
The VCA-GHG study on maize farming conducted for Côte d'Ivoire indicates that the average yield is 2.74 t/ha/season. The average cost of production is XOF 149,269 (US$ 305)/ha and the average unit cost of production is XOF 60,616 (US$ 124)/t. In Table 8 , GHG emissions are 0.64 t CO 2 e/ha (or 0.29 t CO 2 e/ton) for maize farms. The major contributor to GHG emissions in maize farming is the application of fertilizers in general and the application of nitrogen fertilizers in particular due to high amount of N 2 O emission. GHG emissions due to fertilizer application are low in maize farming in Côte d'Ivoire compared the potential emissions from the application of the nationally recommended rate.
Case of Benin: Maize
Value Chain of Analysis: (VCA)
The summary of costs shows that the total cost of production per hectare of maize is XOF 126, 444 (USD 264). This cost is dominated by two inputs: hired human labor (52.5%) and fertilizer (25.5%). All other costs combined total only 22% of the overall cost. This again draws attention to the labor-intensive nature of maize farming in Benin. As a comparison, in Benin the average level of effort is 40.7 man-days per hectare whereas in Côte d'Ivoire the average is 32.7 man-days per hectare.
GHG Emissions Analysis and Discussion
The main source of GHG emissions is fertilizer application which contributes 87% of the total emissions in maize farming (0.4 t CO 2 e/ha/season). Out of this, application of nitrogen fertilizers contributes 90% due to the release of N 2 O. The total of all emissions from maize farming is 0.46 tons of CO 2 equivalent per hectare (t CO 2 e/ha).
The GHG emission rate in Benin would have been higher if the regionally recommended fertilizer application was practiced, up to a triple from the current rate of 0.46 t CO 2 e/ha/season shown in Table 9 , to 1.30 t CO 2 e/ha/seas on as shown in Table 10 .
As can be observed from the above tables, the largest GHG emission from maize farming is N 2 O from the application of nitrogen fertilizers. Though insignificant, emissions from burning fuel to operate farm machinery [7] . In comparing with Côte d'Ivoire, Benin emissions on a per hectare basis are 28.1% lower. However, due to the higher yields enjoyed in Côte d'Ivoire, the emission per ton in Benin are 31% higher than in Côte d'Ivoire Table 11 .
Summary of Findings
The VCA-GHG study on maize farming conducted for Benin indicates that the average yield is 1.36 tons/ha/season. The average cost of production is XOF 126,444 (USD 264.3)/ha, which translates to a production cost of XOF 109,055 (USD 227.9)/ton ( Table 12) . Table 12 shows that, GHG emissions are 0.46 t CO 2 e/ha (or 0.38 t CO 2 e/ton) for maize farms. The major contributor to GHG emissions in maize farming is the application of fertilizers, in general, and the application of nitrogen fertilizers, in particular, due to their high amount of N 2 O emissions. GHG emissions due to fertilizer application are low in maize farming in Benin compared to the potential emissions from the application at the regionally recommended rate.
General Conclusion
The results of the study showed that major source of GHG emission in rice farming in the two pilot countries is methane (CH 4 ) gas which arises from the anaerobic decomposition of biomass in soil under cover of water. As is evident from the name of the water management system, rice fields with continuous flooding stay under water during the cultivation period and thus emit more CH 4 in comparison with rain-fed fields that are covered by water for shorter periods. The emission results for continuously flooded fields are comparable to rice fields under similar conditions in other rice producing countries such as Vietnam, specifically with rice fields that do not apply manure during land preparation For maize farming, the study showed that the main source of GHG emissions is fertilizer application which contributes 87% of the total emissions in maize farming. Though not very significant, GHG emissions that arise from residue burning and fuel combustion contribute by 0.07 t CO 2 e/ha/season and 0.43 t CO 2 e/ha/season for rain-fed and continuous flooded fields, respectively.
Recommendations
The study in the four pilot countries revealed cost structure along the value chains of rice and maize, especially in activities including nursery, land preparation, sowing, transplanting, cultivation, harvesting, threshing and drying that along rice and maize farming. For rice, certain farming practices are better than other in terms of greenhouse gas emission than others. The same thing was revealed for maize, although in maize farming the main source was fertilizer application. It is therefore recommended to design policies accordingly. The greenhouse gas (GHG) emissions inventory is a way to identify emission sources and quantify them for a specific activity. If measured adequately and regularly, the inventory can be used as a management tool, allowing farmers to have visibility & control of their GHG emissions and hence participate actively in the control of the greenhouse gas emission at their level.
